An Eulerian approach with mixed-fluid treatment has been used to study the flow field of an annular liquid jet in a compressible gas medium. A mathematical formulation is developed which is capable of representing the two-phase flow system with the gas phase treated as compressible and liquid as incompressible, where the volume of fluid method has been adapted to take into account the gas compressibility. The mathematical formulation is then applied to the computational analysis of an annular liquid jet, in order to achieve a better understanding on the flow physics by providing detailed information on the flow field. The gas-liquid two-phase flow system has been examined by direct solution of the governing equations using highly accurate numerical schemes. The numerical simulation shows that the dispersion of the annular liquid jet is characterised by a recirculation zone adjacent to the nozzle exit. Without applying perturbation at the domain inlet, vortical structures develop at the downstream locations of the flow field due to the Kelvin-Helmholtz instability. The flow becomes more energetic at progressive downstream locations with the dominating frequencies becoming smaller.
INTRODUCTION
Liquid sprays are encountered in numerous applications, including industrial processes in automotive industry, propulsion and power industry, pharmaceutical industry and agricultural industry. The flow concerned is normally a two-phase flow system with a gas as the continuous phase and a liquid as the dispersed phase in the form of droplets or ligaments after the liquid breakup near the injector. The liquid breakup and atomisation near the injector are not completely understood mainly due to the complex physics of the twophase flow [1, 2] . The flow involves the coupling of mass, momentum and energy transfer between the two phases. In the region near the nozzle exit, flow instabilities develop and grow leading to the liquid jet breakup. The liquid breakup and atomisation are very important stages in the flow development of sprays. Understanding on the fluid dynamic behaviour of the breakup and atomisation of liquid jets is essential for the effective control of such flows to achieve the desired transfer rates.
Due to the rapid exchange of mass, momentum and energy between the gas and liquid phases, annular liquid jets have many applications such as in air-blast atomiser used for example in aircraft turbines and hollow-cone sprays in automotive industry [2] [3] [4] [5] . However, detailed studies of the flow instabilities and liquid breakup and atomisation of annular liquid jets are very limited. The existing studies were mostly based on simplified mathematical models and experimental visualisations, e.g. [6] [7] [8] [9] , which were insufficient to reveal the detailed mechanisms involved in the flow instabilities and the breakup and atomisation of liquid jets. Although useful insight has been obtained, such as the annular jet was seen to be inherently unstable [6] , detailed knowledge on the physics of breakup and atomisation is still needed.
It is difficult to fully understand the breakup and atomisation process using theoretical and/or experimental approaches, because the fluid dynamic behaviour of liquid jets in gas-liquid two-phase flow involves complex mixing at a broad range of scales and complex interaction and coupling between the two phases. Theoretical approach is not able to fully take into account all the influencing factors and mechanisms, such as gas compressibility, aerodynamic interactions and liquid and/or gas turbulence. Experimentally it is difficult to decouple all the influencing parameters, such as the effects of velocity profile at the nozzle exit, liquid surface tension, external perturbations and viscous effects in the two-phase flow system, therefore it is difficult to understand thoroughly the flow physics. Within the context of advanced numerical simulations, direct numerical simulation (DNS) can be a very powerful tool that leads to a better understanding of the fluid mechanics involved, by fully resolving the time and length scales involved using very accurate numerical schemes and high fidelity boundary conditions. DNS can also provide useful database for the potential development of physical models of liquid breakup and atomisation.
Computational studies have been performed using DNS to simulate the interface changes and turbulence in two-phase environments, e.g. [10] [11] [12] , where the two phases were divided in two single-phase sub-domains under constant pressure gradients with the gas flow considered as incompressible. There are only a few studies concerned with simulations of spatially developing liquid films. Recently, Klein [13] performed a three-dimensional spatial DNS of a liquid sheet exhausting into a gaseous incompressible atmosphere under moderate Reynolds number. However in many applications, such as in the fuel injection and spray combustion processes in propulsion systems and internal combustion engines, the gas phase is high-speed compressible flow. To date no work is reported in the literature with reference to direct computation of a liquid jet in a compressible gas medium. In order to investigate the fluid dynamic behaviour of a liquid jet in a compressible gas medium, this study aims at developing a mathematical formulation capable of representing the two-phase flow system with the gas phase treated as compressible and the liquid as incompressible. The two-phase flow system is represented by an Eulerian approach with mixed-fluid treatment [14] , where the two-phase flow system is represented by a single set of momentum equations. The mathematical formulation is then applied to the computational analysis of an annular liquid jet in order to achieve a better understanding on the flow physics by providing detailed information on the gas-liquid two-phase flow field. The DNS approach used is able to resolve the detailed flow structures in the two-phase flow field. The volume of fluid (VOF) method [15] has been adapted to take into account the gas compressibility. Due to infinitesimal liquid compressibility, the liquid is assumed to be incompressible. This work presents the results of an idealised axisymmetric liquid jet simulation. In the following sections, the mathematical formulation is firstly presented including the governing equations and numerical methods used to solve the governing equations, followed by discussions of the results, and finally conclusions from this study are drawn.
GOVERNING EQUATIONS
The governing equations formulated are based on the conservation laws. The liquid is assumed to be incompressible with the surrounding gas fully compressible and treated as an ideal gas. The flow field is described by the compressible time-dependent Navier-Stokes equations. An idealised axisymmetric flow configuration has been considered for the annular liquid jet, where the surrounding gas is initially stationary. In this work, the non-dimensional form of the governing equations is employed. The physical space is spanned by a cylindrical coordinate system (x, r, θ), where x is the streamwise direction. For the idealised axisymmetric case considered, the flow is taken to be uniform in the azimuthal direction, i.e., u θ = 0. Reference quantities used in the normalisation are the maximum streamwise velocity at the nozzle exit (domain inlet), the radius of the annular jet (measured from the geometrical centreline to the central location of the liquid sheet), the ambient temperature, the ambient gas density and viscosity and the liquid surface tension (assumed to be constant, which results in a non-dimensional value of unit surface tension). The non-dimensional quantities in the governing equations are: x, streamwise direction; r, radial direction; u, streamwise velocity; v, radial velocity; t, time; γ, ratio of specific heats of the compressible gas; ρ, gas-liquid mixture density; ρ g , gas density; ρ l , liquid density (assumed constant); µ, gasliquid mixture viscosity; µ g , gas viscosity; µ l , liquid viscosity (assumed constant); p, gas pressure; T, temperature; Y, liquid mass fraction; Φ, liquid volume fraction; κ, curvature; σ, surface tension; E T = ρ g [e + (u 2 + v 2 )/2], total energy of the gas with e representing the internal energy per unit mass; Ma, Mach number; Pr, Prandtl number; Re, Reynolds number; Sc, Schmidt number; and We, Weber number.
In the Eulerian approach with mixed-fluid treatment [14] adopted, there is no distinction between the velocities of the two phases, while the density and viscosity are considered as gas-liquid mixture properties.
The continuity equation for the gas phase is given by
The Navier-Stokes momentum equations for the gas-liquid two-phase flow take into account the effects of surface tension and are given by the following two equations (2) (3) where the constitutive relations for viscous stress components τ xx , τ xr , τ rr and τ θθ are given in Table 1 . Table 1 . The constitutive relatio ns for viscous stress and heat flux components
Gas-liquid mixture Gas
In the current formulation only a non-reacting isothermal flow is considered, where the two phases exchange only momentum without phase change and energy transfer taking place between the two phases. For the isothermal flow considered, the change in gas temperature due to the viscous stresses and gas compressibility should be taken into account. Neglecting the effects of liquid on the gas temperature, the energy equation for the gas phase is given by (4) where the gas-phase heat flux components q x and q r , and viscous stress components τ xx,g , τ xr,g , τ rr,g are also given in Table 1 .
To allow for the gas compressibility to be taken into account, the transport equation of the liquid mass fraction is employed rather than the transportation of the liquid volume fraction which is suitable for incompressible flows only.
The transport equation for the liquid concentration per unit volume ρY, including the effect of mass diffusion, can be given as (5) Assuming the gas medium can be treated as an ideal gas, the governing equations for the gas-liquid twophase flow system also include the perfect gas law, given by (6) The physics of the liquid-gas interface are computed and analysed using the volume of fluid method by Hirt and Nichols [15] , which employs the liquid volume fraction. The liquid volume fraction works as an indicator to identify the different fluids. A liquid volume fraction value of one, Φ = 1, corresponds to pure liquid and a value of zero, Φ = 0, corresponds to pure gas. In between the two values, 0 < Φ < 1, a gas-liquid interface region exists and the fluid is considered as a mixture. In this study, the original VOF method has been adapted to suit the compressible gas phase formulation, which solves an equation for the liquid mass fraction rather than the volume fraction. From their definitions, a relation between liquid volume fraction and mass fraction can be derived as (7) The density and viscosity of the gas-liquid two-phase fluid flow are considered as functions of the liquid volume fraction and densities and viscosities of both phases [1] , given by
The topological changes at the liquid-gas interface are resolved using a continuum surface force (CSF) model developed by Brackbill et al. [16] , which represents the liquid surface tension as continuous volumetric force acting within the region where the two phases coexist. The CSF model overcomes the problem of directly computing the surface tension integral that appears in the Navier-Stokes momentum equations, which requires the exact shape and location of the interface. In the CSF model the surface tension force in its corresponding non-dimensional form, as it appears in Eqns. (2-3), can be approximated as σ κ/We ∇ Φ, with the curvature of the interface given by (10) The governing equations at the geometrical centreline r = 0 have been put into a special form to avoid the singularities in the mathematical formulation [17] [18] [19] and they are derived from the original equations using l'Hôpital's rule. This enables precise definition of the symmetry conditions at r = 0. The new set of governing equations at the centreline of the annular jet is given by (12) (13) (14) (15) The centreline singularity of the curvature relation in Eqn. (10) and the centreline singularities of the constitutive relations for viscous stress components in Table 1 are also avoided by applying l'Hôpital's rule. For brevity, their special forms at the centreline are omitted.
NUMERICAL METHODS
The numerical methods for solving the governing equations include the highorder finite-difference schemes for time advancement, the spatial discretisation for calculating the spatial derivatives, the grid distribution and the boundary and initial conditions, which are described in the following subsections.
High-order scheme for time advancement
In a DNS approach, all the relevant time-and length-scales need to be fully resolved. To avoid the possible accumulation of numerical errors over time, high-order temporal integration has been used. The governing equations are integrated forward in time using a third-order compact-storage fully explicit Runge-Kutta scheme [20] . The time advancement is fully explicit. The solution variables (ρ g , ρu, ρv, E T , ρY) in Eqns. (1-5) and (11) (12) (13) (14) (15) are advanced in time using a three-step compact-storage third-order Runge-Kutta scheme of the family derived by Wray [21] . Two storage locations are employed for each time -dependent variable and at each sub-step at these locations, say Q 1 and Q 2 with Q representing the solution variables, are updated simultaneously as follows (16) The constants (a 1 , a 2 ) in Eqn. (16) are chosen to be (2/3, 1/4) for sub-step 1, ( 5/12 , 3/20 ) for sub-step 2 and (3/5 , 3/5 ) for sub-step 3. At the beginning of each full time step, Q 1 and Q 2 are equal. The data in Q 1 is used to compute the right hand side of Eqns. (1-5) and (11) (12) (13) (14) (15) . The computed right hand side is stored in Q 1 (overwriting the old Q 1 ). Eqn. (16) is then used to update Q 1 and Q 2 . In Eqn. (16), ∆t is the time step, which is limited by the Courant-Friedrichs -Lewy (CFL) condition for stability.
During the time advancement, the density and viscosity of the gas-liquid two-phase flow system are calculated according to Eqns. (8) (9) , using the volume fraction Φ calculated from Eqn. (7). However, the liquid mass fraction Y in Eqn. (7) needs to be calculated from the solution variable ρY first. Using q_5 to represent ρY at each time step, the liquid mass fraction Y can be calculated as (17) Eqn. (17) can be derived from Eqns. (7) (8) . After the time advancement at each time step, Eq. (17) is used first to calculate the liquid mass fraction, Eq. (7) is then used to calculate the liquid volume fraction and Eqns. (8) (9) are finally used to update the mixture density and viscosity.
High-order finite difference scheme for spatial differentiation
High-order numerical schemes for spatial differentiation with very low dissipation and dispersion errors are essential to DNS, where all the length scales need to be fully resolved. In this study spatial differentiation is achieved by using the high-order compact (Padé) finite-difference scheme [22] which is of sixth order at inner points, of fourth order at the next to the boundary points and of third order at the boundary, thus it has been called the Padé 3/4/6 scheme. By applying the symmetry conditions to both the primitive variables and their first and second derivatives in the radial direction, the Padé 3/4/6 scheme is extended to achieve the formal sixth-order accuracy at the centreline of the axisymmetric annular jet [17] , which is a boundary of the computational domain.
In the Padé 3/4/6 scheme, the formal sixth order at the inner points and symmetry boundary is achieved by compact finite differencing. Generalising, for a variable φ j at grid point j in the radial direction, the scheme can be written in the following form for the first and second derivatives (18) (19) In Eqns. (18) and (19) , different sets of a, b and c are used. In order to have a sixth-order scheme, a = 3, b = (2 + 4a)/3 and c = (4 -a)/3 are used for the first derivative in Eqn. (18) , while a = 5.5, b = (4a -4)/3 and c = (10 -a)/3 are used for the second derivative in Eqn. (19) . In Eqns. (18) (19) , ∆η is the mapped grid distance in the radial direction which is uniform in space (grid mapping occurs when nonuniform grid is used). The discretisation of Eqns. (1-5) and (11) (12) (13) (14) (15) forms a set of discretized equations and their solutions are obtained by solving the tridiagonal system of equations.
Grid mapping
The grid used is of the form used by Luo and Sandham [23] , which is uniformly distributed in the x -direction and stretched in the r -direction. The mapped grid in the radial direction is utilised to resolve the flow fields near the liquid sheet more efficiently. In the radial direction the mapped grid uses a hyperbolic sine function and concentrates points around an arbitrary radial location r = r p within the interval [0, L r ]. Here, r p = r 0 is taken as the location of the liquid sheet. The mapping function is given by (20) where (21) and η is the mapped coordinate and b r is the stretching parameter in the rdirection, chosen to be 3.0 in the current work. By defining the metrics 
Boundary conditions
The boundary conditions in the spatial DNS performed are difficult to treat because of the no dissipation and very low dispersion errors of the 6th-order scheme. This results into the need for a precise definition of the boundary conditions to avoid numerical instabilities and to control the spurious wave reflections at the computational boundaries. At the same time the boundary conditions must be able to represent the physical conditions at the boundaries as realistically as possible. There are four boundaries for the computational domain which represents half of a cross section of the axisymmetric annular jet:
(1) the symmetry boundary at the centreline r = 0; (2) the far side boundary in the radial direction r = L r ; (3) an inflow boundary at the domain inlet (nozzle exit) x = 0; and (4) an outflow boundary at the downstream location of the computational box x = L x .
For the symmetry boundary at the centreline, symmetry conditions are applied and there is no need to apply any additional boundary conditions based on the characteristics analysis since there is no fluid penetrating the symmetry line. The nonreflecting characteristic boundary condition due to Thompson [24] is used at the far side boundary in the radial direction r = L r which prevents the wave reflections from the outside of the computational domain and allows entrainment of the ambient fluids.
At the inflow boundary the Navier-Stokes characteristic boundary condition (NSCBC) given by Poinsot and Lele [25] is used to specify the flow field. The NSCBC is compatible with the sixth-order nondissipative algorithms used for the spatial DNS. It also uses the correct number of boundary conditions required for well-posedness of the Navier-Stokes equations that can avoid numerical instabilities and spurious wave reflections at the computational boundaries. A "soft" boundary is used for the gas density, meaning that the gas density is left free to ensure numerical stability while other variables are imposed at the inflow boundary. In the numerical simulation the variation of gas density at the inflow is negligible. The streamwise velocity profile has been specified using a hyperbolic tangent function [18] which will be shown in the next section on numerical results. At the inlet the radial velocity is taken as zero. The mass fraction profile of the thin liquid sheet located around r = 1 is assumed to be the same as the streamwise velocity profile at the domain inlet.
At the outflow boundary in the streamwise direction the nonreflecting characteristic boundary conditions [24] are applied. A sponge layer next to the outflow boundary is also used to control the spurious wave reflections from the outside of the computational domain [17] . The strategy of using a sponge layer is similar to that of "sponge region" or "exit zone" [26] which has been proved to be very effective in controlling the wave reflections through the outflow boundary. The results of the sponge layer are unphysical and therefore are not used in the data analysis.
RESULTS AND DISCUSSION
An annular liquid jet in a compressible gas medium has been numerically simulated. The parameters used in the simulation correspond to diesel injection into compressed air at approximately 15MPa and 300K. As a first step to investigate gas-liquid two-phase flow dynamics of an annular liquid jet using DNS, the surface tension effect has not been included in the simulation. Based on the reference quantities defined in Section 2, the input parameters used in the simulation are: jet Mach number Ma = 0.4; Reynolds number Re = 2500, which is equivalent to 5000 with reference to the annular nozzle diameter; Prandtl number Pr = 0.76; Schmidt number Sc = 0.76; ratio of specific heats γ = 1.64; liquid/gas density ratio ρ l /ρ g = 5.0 and liquid/gas viscosity ratio µ l /µ g = 24.0. These input parameters were estimated from the values given by Perry and Green [27] .
The fidelity of any direct numerical simulation relies on precise definition of the boundary conditions and accurate numerical solution. The numerical methods used in the code have been previously well-tested and validated for different applications of axisymmetric gas jets [17] [18] [19] . In this study, the dimensions of the computational box used are L x = 18 r 0 with L xs = 16 r 0 , and L r = 4r 0 , where L xs < x ≤ L x is the sponge layer. The grid system used in this study is of 1351 × 360 nodes. The grid has a uniform distribution in the streamwise direction, while it is stretched in the radial direction as described in the previous section. In this study grid independence test has been performed following the grid refinement study performed in a previous study to determine the optimum number of grids [17] . For the time advancement a CFL number of 4.0 is used which has been tested to give time -step independent results. In the simulation the flow field was initialised by the conditions at the domain inlet. The domain size test has also been performed to guarantee the results are independent of the domain size in the radial direction [17] . The results presented next are therefore considered to be grid, time-step and domain-size independent and accurate in terms of the physical conditions specified. The results are presented for both instantaneous and time-averaged flow characteristics, including the time history data and energy spectra. Figure 1 shows the instantaneous liquid volume fraction and vorticity contours at t = 60. For the time instant considered here the flow is fully developed since it has passed through the computational domain several times. In order to display the flow structures more clearly, different coordinate scales in the streamwise and cross-streamwise directions have been utilised in the graph. In Figure 1(a) , it can be seen that there is a recirculation zone formed between the thin liquid sheet and the centreline, adjacent to the domain inlet (nozzle exit of the annular jet) before x = 2. The formation of a recirculation zone close to the nozzle exit is a common feature of annular jet flow [28] . It is also noticed that the dispersion of liquid is quite large in the radial direction and the liquid sheet touches the centreline immediately after the nozzle exit. The vorticity shown in Figure 1(b) is the azimuthal vorticity component w θ = ∂v/∂x -∂u/∂r which is the only nonzero component of the vorticity for the axisymmetric annular case. Since the liquid sheet has two adjacent shear layers with velocity gradients of opposite signs, there is both positive and negative vorticity present in the flow field.
An important feature observed in Figure 1 is that large vortical structures are formed in the flow field of the liquid annular jet at the downstream locations and these vortical structures dominate the distribution of liquid volume fraction. The vortical structures are mainly associated with the Kelvin-Helmholtz instability, which occurs when velocity shear is present within a continuous fluid or when there is sufficient velocity difference across the interface between two fluids. In the mixed-fluid treatment for the two-phase flow adopted in this study, there is no velocity difference across the interface between the two fluids and the development of the Kelvin-Helmholtz instability is due to the existence of the two velocity shear layers at around r = 1. For liquid breakup and atomisation modelling the Kelvin-Helmholtz and Rayleigh-Taylor instabilities are the two major instabilities under consideration [5] , where the RayleighTaylor instability occurs when a dense, heavy fluid is being accelerated by a light fluid. Due to the mixed-fluid treatment adopted, the Rayleigh-Taylor instability is not expected to be significant for the physical problem under consideration.
A noticeable factor in the simulation performed is that no external perturbation was applied at the inflow boundary to trigger the KelvinHelmholtz instability, unlike the simulations of axisymmetric jets [18] where an external perturbation was essential to initiate the convective Kelvin-Helmholtz instability. In this study the flow showed a characteristic of absolute instability where the development of vortical structures does not depend on the continuous supply of external perturbations. Such instability might be triggered by the mismatch between the initial conditions specified and the exact solution of the Navier-Stokes equations. The growth of the flow instability leads to the formation of large-scale vortical structures in the flow field which subsequently control the mixing of the fluids and dominate the flow characteristics. Figure 2 shows the instantaneous liquid volume fraction and streamwise velocity profiles along the nozzle exit (domain inlet) x = 0 and the centreline r = 0 at t = 60. The liquid volume fraction and streamwise velocity, shown in Figs. 2(a) and 2(c) , are simply the boundary conditions applied at the domain inlet x = 0 where the liquid volume fraction was calculated from the liquid mass fraction using Eqn. (7) and the liquid mass fraction has an identical distribution to the streamwise velocity distribution at the domain inlet. A noticeable feature in Fig. 2(b) is that the liquid volume fraction at the centreline jumps immediately from a zero value at the domain inlet to a value of approximately 0.3 adjacent to the inflow boundary, due to the existence of the recirculation zone in this flow region that brings the liquid back from the downstream locations. This is also clearly shown in the centreline velocity profile in Fig.  2(d) , where the velocity drops from the zero value at the inlet to a value of approximately -1.6 at the location of x = 0.5 due to the flow recirculation. At the downstream locations the streamwise velocity at the centreline fluctuates significantly due to the large-scale vortical structures developed in the flow field as shown in Fig. 1 . The fluctuation is also observed in the liquid volume fraction distribution.
Although the flow under consideration is isothermal in nature, there are still small temperature fluctuations in the instantaneous results mainly due to the work done by the shear stresses and the gas compressibility effects. Fig. 3(a) shows the instantaneous gas temperature contours while Fig. 3(b) shows the temperature profiles along the centreline r = 0 and along the line r = 1 where the liquid sheet is initially located. In Fig. 3(a) it can be seen that the temperature contours closely follow the flow vortical structures shown in Fig.  1 , which indicates that the temperature variations are mainly due to the shear stresses in the vortical flow field. As the vortical structures are being continuously convected downstream by the mean flow the mean temperature field will be almost isothermal, that is, not going to be significantly affected by the instantaneous temperature fluctuations. The amplitude of the temperature fluctuations, as shown in Fig. 3(b) , is not greater than 5% of the mean temperature.
Detailed numerical studies of annular liquid jet in a compressible gas medium by solving the Navier-Stokes equations have not been available in the literature and a better understanding on the flow characteristics is needed. In order to better understand the vortical structures and the fluid dynamic behaviour of the annular liquid jet, analyses of the velocity histories and Fourier spectra have been performed to examine the intrinsic unsteady behaviour of the annular liquid jet. to alterations of velocity periods at x = 10 and x = 15, which are different from the period observed at x = 5. To further elucidate this, Figure 5 shows the Fourier spectra of the streamwise velocity histories at the centreline for the three locations shown in Figure 4 .
In a vortical flow field vortex interaction can lead to vortex merging/pairing, which subsequently leads to alterations of velocity periods. In Figure 5 respectively. The latter two frequencies are not far away from the first leading two sub-harmonic frequencies of the dominating frequency at x = 5, indicating the possible occurrence of vortex merging/pairing at the downstream locations. In Fig. 5 , it is also evident that the amplitudes of the Fourier spectra increase at the downstream location corresponding to the increased velocity fluctuation magnitudes at the downstream locations as shown in Fig. 4 . It is worth mentioning that the frequency in Fig. 5 is the non-dimensional frequency or Strouhal number. In Fig. 5 , it is evident that the flow becomes more energetic at progressive downstream locations having decreasing dominating frequencies.
In this study the time-averaged flow properties have also been calculated to examine the flow properties. The time interval used for the calculation of the averaged properties is between t 1 = 30 and t 2 = 60, after the flow has been fully developed. Fig. 6 shows the time-averaged liquid volume fraction and streamwise velocity contours. In Fig. 6 , it can be seen that the liquid volume fraction and streamwise velocity are smoothed throughout the flow field due to the time-averaging performed. The large-scale vortical structures at the downstream locations are an instantaneous flow characteristic and they would not be present in the time-averaged contour plots, due to the fact that the vortical structures are being continuously convected downstream by the mean flow. The most important feature in Fig. 6 is the capturing of the recirculation zone adjacent to the domain inlet (nozzle exit) before x = 2, which was well observed in experimental study of annular jet flow [28] . The recirculation zone is not only evident from the contour plots of the liquid volume fraction in the region adjacent to the domain inlet and centreline , as shown in Fig. 6(a) , but also from the negative value the streamwise velocity takes in this region as shown in Fig. 6(b) . Figure 7 presents the time-averaged liquid volume fraction and streamwise velocity profiles at three different locations including the nozzle exit at x = 0. For the liquid volume fraction shown in Fig. 7(a) , it is clear that the liquid dispersion in the cross-streamwise direction increases significantly at downstream locations x = 5 and x = 10. The liquid dispersion in the crossstreamwise direction includes both the radial inwards and outwards directions. For the streamwise velocity shown in Fig. 7(b) , it is noticed that the maximum velocity at the location x = 5 is larger than that at the domain inlet x = 0. This is mainly associated with the multi-phase nature of the flow. At the inlet the fluid motion is purely owed to the liquid phase where the gas phase is stationary. However, the fluid flow at the downstream locations involves the motion of both the liquid and gas phases. Since the density of gas is smaller than that of the liquid, the velocity at the downstream locations can be larger than the velocity at the domain inlet.
CONCLUDING REMARKS
In this study a direct computation of an annular liquid jet has been performed. The mathematical formulation is based on an Eulerian approach with mixedfluid treatment for the gas-liquid two-phase flow system, where the gas phase has been treated as fully compressible with the liquid phase taken as incompressible. The numerical algorithms for solving the governing equations, which include the adaptation of the VOF method for the computation of the compressible gas phase, have been presented. The numerical schemes used are of high order with high-fidelity boundary conditions. Numerical simulation has been performed for an idealised axisymmetric case. The simulation results have shown that the dispersion of the thin liquid sheet in a compressible gas jet stream is characterised by a recirculation zone adjacent to the nozzle exit. At downstream locations large-scale vortical structures are formed in the flow field due to the Kelvin-Helmholtz instability. The vortical structures interact with each other and lead to a more energetic flow field downstream. The dominating frequency decreases at further downstream locations.
The current study is a first-step effort towards direct numerical simulation of annular liquid jets. Further research is needed to investigate the relationship between the downstream dominating frequencies and the velocity profiles at the nozzle exit and the effects of surface tension on the flow development. A full three-dimensional spatial DNS to capture the details of the disintegration and breakup of liquid jets is also needed since the idealised axisymmetric simulation is not capable of capturing the small scale turbulence in the flow field due to a lack of three-dimensional vortex stretching and interaction. A full three-dimensional spatial DNS, combined with an appropriate interface reconstruction technique, would be able to capture the details of the disintegration and breakup of the liquid jet and could be useful for the development of physical models of liquid breakup and atomisation.
